The mammary gland epithelium comprises two major cell types: basal and luminal. Basal cells interact directly with the extracellular matrix (ECM) and express higher levels of the ECM receptors, integrins, than luminal cells. We show that deletion of β1 integrin from basal cells abolishes the regenerative potential of the mammary epithelium and affects mammary gland development. The mutant epithelium was characterized by an abnormal ductal branching pattern and aberrant morphogenesis in pregnancy, although at the end of gestation, the secretory alveoli developed from β1 integrinpositive progenitors. Lack of β1 integrin altered the orientation of the basal-cell division axis and in mutant epithelium, in contrast to control tissue, the progeny of β1 integrin-null basal cells, identified by a genetic marker, was found in the luminal compartment. These results reveal, for the first time, the essential role of the basal mammary epithelial cell-ECM interactions mediated by β1 integrins in the maintenance of a functional stem cell population, mammary morphogenesis and segregation of the two major mammary cell lineages.
The ability of the mammary epithelium to reconstitute the gland in serial transplants, strongly suggests that the adult mammary epithelium harbours a population of cells with a high regenerative potential -mammary stem cells [1] [2] [3] . Recently, populations enriched in stem cells have been isolated from adult mouse mammary tissue using the surface markers CD24, β1 or α6 integrin chains 4, 5 . These populations have been found to be negative for steroid hormone receptors and consist of cells that express basal cell markers 6 . Accordingly, our previous studies performed with derivatives of the mouse mammary cell line Comma D1 showed that morphogenetic potential was associated with the basal-cell constituent of this heterogeneous cell population 7, 8 . These results suggested that mammary stem cells may reside in the basal compartment of the mammary epithelium and express high amounts of integrins. However, the question of whether β1 integrins are important for the maintenance and function of this basal-type candidate stem-cell population has not been addressed.
Transgenic expression of a dominant-negative β1 integrin or ablation of the β1 integrin gene in mammary luminal cells in mice produced relatively mild phenotypes, and demonstrated that β1 integrins are involved in the control of mammary epithelium growth and differentiation [9] [10] [11] [12] . We therefore focused our study on the functions of major ECM receptors -β1 integrins -in basal epithelial cells.
The basal compartment of adult mammary epithelium consists of differentiated myoepithelial cells that express markers of basal epithelial and smooth muscle cells, and includes a small population of cells expressing basal markers only 13 . Hereafter, we apply the term 'basal' to both of these cell populations.
To delete β1 integrin from the basal cell layer of the mammary epithelium, mice harbouring floxed itgb1 alleles (itgb1 F/F ) were crossed with transgenic mice expressing Cre recombinase under control of the keratin 5 (K5)-promoter, which is active in basal cells of stratified and pseudostratified epithelia, such as epidermis and mammary gland [14] [15] [16] . To confirm that the K5 promoter targets Cre expression to the basal layer of the mammary epithelium, basal and luminal mammary epithelial cells were isolated from K5-Cre transgenic mice using the flow cytometry technique ( Supplementary Information, Fig. S1 ). Evaluation of luminal (K18) and basal (K14) marker expression by quantitative RT-PCR confirmed that basal and luminal cells were found in the CD24-low/ β1-high and CD24-high/β1-low fractions, respectively (Fig. 1a) . As expected, Cre expression was confined to the basal, CD24-low/β1-high, cell population (Fig. 1a) .
A lacZ reporter gene introduced downstream to the floxed β1 integrin gene and expressed after Cre-mediated ablation was used to monitor β1 integrin gene deletion and to trace the progeny of cells in which the gene has been deleted. Expression of the lacZ-reporter in the mammary epithelium of 3-week-old mice confirmed β1 integrin gene deletion (Fig. 1b) .
Mammary glands from 3-week-old mutant mice (K5Cre;itgb1
) were similar in size to those of wild-type (data not shown) and K5Cre;itgb1 F/+ animals, but had a slightly altered branching pattern (Fig. 1b) . K5Cre;itgb1 F/F mice develop a severe skin phenotype and only rarely survive for more than 5 weeks 17 . Therefore, to proceed with the analysis of the mammary gland development, rudimentary glands from 3-4-weekold mutant and control littermates were grafted into the cleared fat pads of prepubertal nude Balb/c mice. For 92 grafted mice, 92 (100%) control and 79 (86%) mutant transplants produced outgrowths; control outgrowths developed faster than mutant outgrowths. However, 5-6 weeks after transplantation both the mutant and the control grafted epithelia occupied the entire mammary fat pad (Fig. 1c) . In control transplants, the branching points were distributed regularly, and numerous short side branches, typical of mature virgin mammary glands, were present along the ducts. In contrast, mutant outgrowths were characterized by a disorganized branching pattern and few side branches. β1 integrin was efficiently deleted from the basal cell layer (Fig. 1d) , and the number of β1 integrin-negative cells was estimated to be at least 95% of the total basal cell number. Although most of the luminal cells remained positive for β1 integrin, small clusters of negative cells could be observed in the luminal cell layer ( Supplementary Information, Fig. S2 ). Basal myoepithelial cells depleted of β1 integrin expressed the usual markers of this cell type and were able to proliferate ( Fig. 1d, e; Supplementary Information, Fig. S3 ). Some basal cells (2.7 ± 0.5%) in mutant outgrowths stained positive for cleaved caspase 3, whereas no apoptotic cells were found in the basal cell layer of control glands ( Fig. 1e and data not shown). However, within the observation period, apoptosis did not result in a significant decrease in basal cell number in K5Cre;itgb1 F/F epithelium, as the ratio between basal and luminal cells seemed to be similar in control and mutant outgrowths from 6-week-old mice and was only slightly decreased in those from 14-week-old animals (Fig. 1f) .
To assess the regenerative potential of K5Cre;itgb1 F/F epithelium, small pieces of primary outgrowths were re-transplanted into the cleared fat pads of new recipient mice. In the secondary grafts, 16 out of 18 (89%) mammary fat pads grafted with mutant epithelium either remained completely empty, or contained 1-2 small buds ( These results demonstrate that the deletion of β1 integrin from basal cells abolishes the regenerative potential of the mammary epithelium. Because in primary grafts, the lack of β1 integrin in the basal cells did not prevent proliferation, ductal growth and ramification, and only slightly increased apoptosis, the inability to re-establish a system of branching ducts in the secondary grafts strongly indicates a lack of functional stem cells in K5Cre;itgb1 F/F epithelium. Flow cytometry analysis supported this conclusion. As expected, the mutant epithelium, in contrast to control, contained an important population of β1 integrin-negative cells (Fig. 2b , left panels). As mammary epithelial cells express α6β1 and α6β4 integrin dimers, deletion of β1 integrin should not necessarily lead to a complete lack of α6 chains on the cell surface. Accordingly, the number of α6-negative cells was only slightly increased in K5Cre;itgb1 F/F epithelium (Fig. 2b , right panels). In adult mouse mammary glands, stem cells have been associated with CD24-positive/β1-high or CD24-positive/α6-high cell populations 4, 5 . In the mutant epithelium, the number of CD24-positive/β1-high cells was markedly decreased and that of CD24-positive/α6-high cells was 2-fold lower than in controls (Fig. 2b, red ellipses) . As demonstrated by the secondary transplantation results, neither this residual CD24-positive/ α6-high, nor any other cell population present in the mutant epithelium, possessed a considerable regenerative potential.
To determine whether alveolar progenitors were affected by ablation of β1 integrin in basal cells, we analysed the mammary outgrowths that developed in pregnant mice. Both control and mutant epithelia responded to the stimulus of pregnancy by growth and changes in morphology (Fig. 3a) . As expected, at 7.5 days post-coitum (dpc), the lobuloalveolar development was clearly visible in the control epithelium, whereas in mutant outgrowths, only a few alveolus-like structures developed before 14.5 dpc (Fig. 3a, b; Supplementary Information, Fig. S4 ). Instead, numerous buds resembling small terminal end buds (TEBs) -bulbous structures found at the extremities of the growing ducts in virgin mouse glands -were formed in K5Cre;itgb1 F/F outgrowths (Fig. 3b, d , e, right panels). Quantitative evaluation of milk gene expression confirmed that lobuloalveolar development was retarded in the mutant epithelium (Fig. 3c) .
Surprisingly, the basal cell layer of all alveolus-like structures and small ducts developed by mutant epithelium in pregnant recipient mice stained positive for β1 integrin, whereas many luminal cells seemed to be depleted of β1 integrin (Fig. 3d , e, central panels). Consistent with the presence of β1 integrin, basal cells in K5Cre;itgb1 F/F alveoli were either completely negative, or weakly positive for K5 (Fig. 3d, central panels) . Other mammary basal cell markers, such as α-smooth muscle actin and p63, were expressed in the basal cell layer in control and mutant outgrowths ( Fig. 3e ; Supplementary Information, Fig. S5 ). In the TEB-like structures and in the ducts found in the mutant outgrowths, basal cells stained positive for K5 and were negative for β1 integrin (at least, 95% of total basal cell number), as observed for outgrowths formed in virgin mice. The multilayered luminal compartment comprised various proportions of cells either positive or negative for β1 integrin (Fig. 3d , e, right panels).
All luminal cells in the mutant epithelium expressed luminal cell markers, such as K8 and ErbB2, and were negative for basal cell markers ( Fig. 3d-f; Supplementary Information, Fig.S5 ). Luminal cells in the mutant epithelium proliferated but showed higher levels of apoptosis than in control epithelium ( Supplementary Information, Fig. S5 ). Thus, lobuloalveolar development in K5Cre;itgb1 F/F epithelium was characterized by 1) retarded alveologenesis, 2) aberrant TEB-like structure formation and 3) unexpected presence of β1 integrin-negative cells in the luminal compartment of the epithelial bilayer.
The lack of β1 integrin expression in the luminal cells of K5Cre;itgb1 F/F epithelium indicated their origin from basal, K5-positive cells; this was confirmed by analysis of lacZ expression. Most luminal cells in ducts and alveolus-like structures in mutant outgrowths analysed between 7.5 and 12.5 dpc stained blue with X-gal, with only a few lacZ-negative cells detected (Fig. 4a, right panel) . Thus, basal progenitor cells made a significant contribution to the luminal cell population of the mutant epithelium early in pregnancy. In contrast, luminal cells in control K5Cre;itgb1 F/+ epithelium were essentially LacZ-negative, indicating that most of the luminal cells did not originate from basal cells (Fig. 4a, left panel) . Several recent studies have demonstrated that cell-ECM interactions and in particular, those mediated by β1 integrins, are important in the organization and orientation of the mitotic spindle [18] [19] [20] . The orientation of the basal-cell division plane in ducts from the outgrowths that developed in 7.5 dpc mice was quantitatively evaluated. Consistent with the distribution of lacZ-positive cells, this confirmed that in control epithelium, basal cells usually divided parallel to the basement membrane, whereas
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in the mutant epithelium, orientation of the division plane was random, and numerous cells dividing perpendicular to the basement membrane were detected (Fig. 4b, c; Supplementary Information, Table S1 ). Thus, a lack of β1 integrin led to changes in the orientation of the basal-cell division axis, suggesting that in mutant epithelium, dividing basal cells produced both basal and luminal cells instead of contributing to the basal cell population only.
At later stages of pregnancy (16.5 and 18.5 dpc), numerous welldeveloped, functionally differentiated alveoli were found in mutant outgrowths, as observed in control transplants ( Fig. 5a ; Supplementary  Information, Figs S4, S5) . Similarly to control tissue, alveolar cells in K5Cre;itgb1 F/F epithelium stained brightly with an anti-β1 integrin antibody, whereas basal cells expressed K5 (Fig. 5c ). X-gal staining of sections taken from 14.5, 16.5 and 18.5 dpc mutant outgrowths showed that the number of lacZ-negative cells increased markedly in the ducts and TEBlike structures. Moreover, in the newly formed alveoli, luminal cells were lacZ-negative, whereas basal cells seemed to be either weakly positive, or negative. The aberrant TEB-like structures and some poorly developed alveoli persisted in K5Cre;itgb1 F/F outgrowths ( Fig. 5a ; Supplementary  Information, Figs S4, S5 ).
Our data show that a population of progenitors that are activated late in pregnancy and able to produce the entire functional alveoli (including luminal and basal cells) was not affected by K5-promoter-driven deletion of β1 integrin from the mammary epithelium. Although it is difficult to completely exclude the possibility that a population of K5-positive progenitor cells may have escaped ablation of β1 integrin, it seems likely that these alveoli originated from K5-negative progenitors. Other reports relying on colony-forming assays in culture, have suggested that alveoli may originate from luminal progenitors 13, 21, 22 . In addition, luminal-type progenitor cells activated during first pregnancy and able to contribute to the regeneration of the mammary gland after involution, were described earlier 23, 24 . The non-uniform lacZ expression observed in the alveoli, despite the high level of K5 expression consistent with the results of immunofluorescence labelling, shows that β1 integrin was not yet deleted from the newly formed alveolar basal cells (Fig. 5b, c) .
Notably, the developmental potential of the progenitors activated late in pregnancy was limited to alveologenesis, as pieces of mutant epithelium, isolated from pregnant (15.5 dpc) hosts, were not able to produce ductal outgrowths in secondary transplants (Fig. 5d) .
Cell polarization and interaction with the basement membrane are essential for epithelial morphogenesis 25, 26 . Thus, basal-type stem cells, due to their ability to produce basement membrane components and to properly organize the proximal ECM, may have an important advantage during the early events of fat pad re-population, such as anchorage and establishment of basolateral polarity, required for the initiation of morphogenesis. Once the primitive ductal system has been formed, K5-negative progenitors with luminal characteristics should be able to reconstitute secretory alveoli.
Involvement of integrins in the control of multiple cellular functions suggests that β1 integrin gene ablation may lead to pleiotropic phenotypes. Consistently, primary outgrowths developed more slowly in the mutant than in control tissue, presented an altered ductal branching pattern and lobuloalveolar development. This indicates that β1 integrins are involved in the control of mammary morphogenesis, proliferative potential and survival of mammary epithelial cells. However, deletion of β1 integrins from basal cells did not impede ductal growth and differentiation of basal and luminal cells, the two major mammary lineages. A recent report concerning Drosophila melanogaster gonad stem cells suggested that the lack of β1 integrins may alter ECM organization and damage the stem-cell niche 27 . In contrast to this system, our knowledge of mammary progenitor/stemcell identity, location and, in particular, the mammary stem-cell niche, is limited. Further investigation is required to precisely characterize the immediate environment of mammary stem cells and to determine how it contributes to the control of mammary stem-cell renewal and functioning. The results of this study reveal a central role of basal cell interactions with the ECM mediated by β1 integrins in the maintenance of the mammary stem-cell population.
METHODS
Mouse strains. All animal experiments were conducted according to the French veterinary guidelines and those formulated by the Council of Europe for experimental animal use (L358-86/609EEC). Transgenic mice expressing the Cre-recombinase under control of the keratin-5 promoter (K5-cre mouse line) were provided by J. Jorcano 15 . Generation of mice carrying conditional β1 integrin alleles has been described elsewhere 17, 28 . All mice were bred on a 129SV/ C57BL6 genetic background. Wild-type, itgb1
, and, when indicated, K5Cre;itgb1 F/+ mice were used as controls. itgb1
, itgb1 F/F and K5Cre;itgb1 F/+ mice developed normally; their mammary glands were found to be similar to those of wild-type animals and the females were able to feed normal-sized litters.
Transplantation of mammary epithelium. Pieces of approximately 1 mm 3 were dissected from the mammary fat pad region adjacent to the primary duct and containing mammary rudiment clearly visible with the dissection microscope (donor epithelium). These pieces were implanted into the inguinal number four fat pads of 3-week-old nude Balb/c females cleared of endogenous epithelium, as described elsewhere 29 . Pieces of tissue removed from the recipient fat pad were stained with Carmine to control for the elimination of endogenous epithelium. In each case, mutant (K5Cre;itgb1 F/F ) and control (wild-type, itgb1 F/+ , itgb1 F/F , and, when indicated, K5Cre;itgb1 F/+ ) epithelia were grafted into the contralateral fat pads of the same recipient mouse. The outgrowths produced were analysed by dissecting recipient fat pads 3-15 weeks after transplantation. For secondary transplantation, small pieces of the primary outgrowths that developed in 12-14-week-old virgin or pregnant hosts were dissected and re-grafted into new recipient mice, following the same protocol.
X-gal staining. For whole-mount X-gal staining, mammary glands were fixed with 2.5% paraformaldehyde in PBS, pH 7.5, for 1 h at 4 °C, and stained overnight at 30 °C (Biology of the Mammary Gland, http://mammary.nih.gov). Alternatively, cryosections (10-15 µm) were cut from mammary gland pieces embedded in Tissue-Tek (Miles Diagnostic Division) and frozen in isopentane cooled by liquid nitrogen. For X-gal staining, the cryosections were thawed at room temperature for 30 min, fixed for 15 min in 2% formaldehyde, 0.2% gluteraldehyde, 0.02% NP-40 in PBS, washed with PBS and incubated with X-gal staining solution (0.025% X-gal, 3 mM K 3 Fe(CN) 6 , 3 mM K 4 Fe(CN) 6 , 1.5 mM MgCl 2 , 15 mM NaCl, 40 mM Hepes, pH 8) overnight at 30 °C. Sections were then post-fixed with 4% formaldehyde and counterstained with nuclear fast red.
5-Bromodeoxuridine (BrdU)-incorporation test, histology and immunostaining.
Mice were injected with BrdU (0.25 mg g -1 body weight, intraperitoneally) 2 h before tissue collection. Dissected mammary fat pads were spread out on a glass slide, fixed in MethaCarn and embedded in paraffin. Sections (7 µm) were cut and deparaffinized before staining either with haematoxylin and eosin (H&E) or for immunofluorescence microscopy, as described elsewhere 16 . Sections were incubated overnight at 4 °C with primary antibodies, followed by incubation for 1 h at room temperature with secondary antibodies and 3 min with DAPI.
The following primary antibodies were used for immunostaining: rabbit poly- clone Ks 8.7, Progen Biotechnik), anti-α-smooth muscle actin (1:100; 1A4, Sigma-Aldrich), anti-p63 (1/100; clone 4A4, BD Pharmingen) and anti-β-tubulin (1:100; clone SAP.4G5, Sigma-Aldrich) antibodies.
Antigen retrieval was performed by boiling the slides in 10 mM citrate buffer (pH 6) for 10 min in a microwave for BrdU, cleaved caspase 3, p63, Ki67, β-tubulin and ErbB2 detection. All secondary antibodies were Alexafluor-conjugated (1:1000; Molecular Probes).
Preparation of the mammary epithelial cells and flow cytometry. To isolate mammary epithelial cells, mammary fat pads were mechanically dissociated with scissors and scalpel and digested for 90 min at 37 °C in CO 2 -independent medium (Invitrogen) supplemented with 5% fetal bovine serum, 3 mg ml -1 collagenase (Roche Diagnostics) and 100 U ml -1 hyaluronidase (Sigma). The resultant suspension was sequentially resuspended in 0.25% trypsin-EDTA for 1 min, and then 5 min in 5 mg ml -1 dispase (Roche Diagnostics) with 0.1 mg ml -1 DNase I (Sigma) followed by filtration trough a 40-µm mesh. Red blood cells were lysed in NH 4 Cl.
To separate basal and luminal cells, mammary epithelial cells isolated from the inguinal glands of five 12-week-old virgin K5-Cre mice were pooled, stained with anti-CD24-PE (clone M1/69; BD Pharmingen), anti-CD29-FITC (clone OXM178; Chemicon), anti-CD45-APC (clone 30-F11; Biolegend) and anti-CD31-APC (clone MEC13.3; Biolegend) antibodies, as described elsewhere 4, 6 . CD24-low/β1-high (basal) and CD24-high/β1-low (luminal) cells were purified using FACSvantage (Becton Dickinson) and used to isolate RNA to quantitatively evaluate gene expression. CD45-and CD31-positive stromal cells were excluded from the flow cytometry analysis. Conjugated isotype-matching IgGs were used as negative controls.
Analysis of cell populations present in mammary epithelial outgrowths was performed with the cells isolated from the mammary fat pads of 12-week-old virgin mice transplanted with control or mutant epithelium. Cells stained with anti-CD24-PE, anti-CD49f-FITC (clone GoH3; BD Pharmingen), anti-CD29-FITC, anti-CD45-APC and anti-CD31-APC antibodies were analysed using a FACScalibur (Becton Dickinson), as described above. Two independent experiments were performed, each with three control and three mutant outgrowths pooled to isolate mammary epithelial cells. Similar results were obtained in both cases; data obtained in one of the experiments are presented.
Quantitative evaluation of β1 integrin deletion from basal cells. β1 integrinnegative and positive basal cells revealed by immunolabelling for K5 were counted in mammary ducts from the outgrowths developed by mutant epithelium in virgin and pregnant hosts. In each case, five different outgrowths were included in the analysis and at least 2000 K5-positive cells per outgrowth were counted. The data are presented as mean ± s.e.m.
Quantitative RT-PCR. An RNeasy kit (Quiagen Gmbh) was used to isolate RNA from mammary epithelial cells obtained by cell sorting or from transplanted mammary fat pads. RNA (0.5-1 µg) was treated with MMLV H(-) Point reverse transcriptase (Promega) and quantitative PCR was performed by monitoring in real time the increase in fluorescence of the SYBR Green dye on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). RNA was isolated from outgrowths that developed in three 13.5 day-pregnant and three 14-weekold virgin hosts to evaluate β-casein and WAP, and p63 and P-cadherin expression, respectively. Primer sequences are provided in the Supplementary Information.
Quantitative evaluation of the orientation of the basal-cell division plane. Cells in late metaphase, anaphase and early telophase were used for quantification. In the epithelial outgrowths isolated from four transplanted nude mice at 7.5 dpc, we counted 36 and 77 dividing basal cells for control and mutant epithelium, respectively. Division planes positioned at 60-90° to the basement membrane were classified as perpendicular and those that were oriented at 0-30° were classified as parallel. Fisher and chi-squared tests were used for statistical evaluation. 
